The enhancement in tensile properties of a Cu2.0 mass%Ni0.5 mass%Si0.1 mass%Zr alloy without reducing its electrical conductivity is attempted by combining both accumulative roll-bonding (ARB) and cryo-rolling with aging treatment. The grain sizes of the alloy pre-aged at 450°C and ARB-processed in six cycles (P-ARB) and of the alloy pre-aged at 450°C and cryo-rolled to a 90% reduction (P-90CR) are refined to about 0.1 and 0.2 µm, respectively. Both six cycles of ARB and 90% cryo-rolling, together with the presence of fine precipitates formed by preaging at 450°C, give significant grain refinement. The P-90CR alloy aged at 350°C exhibits a higher 0.2% proof stress of 830 MPa and a higher tensile strength of · u = 900 MPa than the P-ARB alloy aged at 375°C. The aged P-90CR alloy exhibits almost the same elongation of 6% up to failure and the same electrical conductivity of · = 45% IACS as the aged P-ARB alloy. The higher proof stress of the aged P-90CR alloy than the aged P-ARB alloy is ascribed to the higher dislocation density in the aged P-90CR alloy. The value of · u = 900 MPa for the aged P-90CR alloy is larger than that of · u μ 830 MPa for conventional commercial Cu3.0 mass%Ni0.65 mass%Si system alloys. The value of · for the former alloy is nearly identical to · μ 46% IACS for the latter alloys.
Introduction
Materials used for electrical and electronic components, such as connectors and lead frames, are required to have a high conductivity and strength. Cu-base alloys are widely used for such components due to their high electrical conductivity. Most Cu-base alloys are precipitation strengthened and alloyed with elements with very low solid solubilities in Cu to preserve a high electrical conductivity. CuBe alloy systems containing about 1.9 Be (all compositions in this paper are expressed in mass%) are precipitationhardenable Cu-base alloys that exhibit the highest tensile strengths (up to 1.4 GPa) of any Cu-base alloy and have a high electrical conductivity of about 25% IACS. 1) However, since Be is expensive and its compounds are toxic, it is important to find an alternative to CuBe alloys. 2) CuNiSi alloys are precipitation strengthened and are currently the most promising alloys for replacing CuBe alloys. However, the strengths of CuNiSi alloys are generally too low. For example, a CuNiSi alloy containing 2.0Ni and 0.5Si had a 0.2% proof stress of about 640 MPa, a tensile strength of about 700 MPa, and an electrical conductivity of about 45% IACS after cold rolling to a 20% reduction and aging at temperatures between 300 and 350°C.
3) The strengths of conventional CuNiSi alloys are generally increased by increasing the Ni and Si contents and/ or adding alloying elements such as Mn and Mg. 4) However, these measures generally reduce the electrical conductivity of the alloy.
Subjecting metallic materials to severe plastic deformation (SPD) processes such as accumulative roll-bonding (ARB) 5) and equal-channel angular pressing (ECAP), 6) as well as plastic deformation (rolling) at a cryogenic (liquid nitrogen) temperature 7) produces ultrafine grained microstructures with mean grain sizes smaller than 1 µm. Applying either SPD processes 810) or cryo-rolling 11) to precipitation-strengthened Cu-base alloys enhances their strength without reducing their electrical conductivity.
In a previous paper, 9 ) Nomura et al. examined the influence of ARB and cold rolling on the tensile properties of a Cu1.4Ni0.25P0.1Zr alloy; these Ni and P contents are about twice those of commercial CuNiP alloys. Alloy specimens were first pre-aged at 450°C and then ARBprocessed in seven cycles (equivalent strain (ES) = 5.6) (P-ARB), or pre-aged at 450°C and then cold-rolled to a 90% reduction (ES = 2.7) (P-90R). The grain sizes of the P-ARB and P-90R specimens were refined to 0.4 and 4 µm, respectively. Then these specimens were aged at 375°C. The aged P-ARB and P-90R specimens had a 0.2% proof stress · 0.2 of 740 and 730 MPa, a tensile stress · u of 780 and 770 MPa, an elongation to failure ¾ t of 6 and 4%, and an electrical conductivity · of 56 and 55% IACS, respectively. The values of · 0.2 and · u for the aged P-ARB specimen were nearly identical to those for the aged P-90R specimen, although the aged P-ARB specimen had a much smaller grain size (0.4 µm) than the aged P-90R specimen (4 µm). This was ascribed to the lower dislocation density in the aged P-ARB specimen. The CuNiPZr alloy was pre-aged prior to ARB and 90% rolling because recrystallization in the highly deformed alloy is suppressed when aged.
In addition, Monzen et al. 10) attempted to improve the strength of a Cu1.2Ni0.2Be0.1Zr alloy by combining five cycles of ARB (ES = 4.0) with aging treatment at temperatures between 375 and 450°C. The alloy was severely deformed by the five cycles of ARB after solutionizing and had a grain size of about 0.4 µm. Then the alloy was peakaged at 375°C. The aged alloy had · u = 810 MPa, ¾ t = 9% and · = 62% IACS. It was not necessary to pre-age this alloy prior to ARB. The values of · u and · of the ARB-A alloy are comparable to those (· u = 810 MPa and · = 63% IACS) of a commercial Cu1.8Ni0.4Be alloy. 0.1Zr was added to suppress recrystallization of highly deformed Cu-base alloys on aging. 9, 12) The present study extends the previous studies by Nomura et al. 9) and Monzen et al. 10) We seek to enhance the strength and the elongation of a conventional Cu2.0Ni0.5Si0.1Zr alloy without reducing its electrical conductivity by combining six cycles of ARB (ES = 4.8) with aging treatment at temperatures between 350 and 450°C. Similar to the results of the previous study, 9 ) the values of · 0.2 or · u for specimens pre-aged at 450°C, ARB processed and aged at 375°C (P-ARB-A), and pre-aged at 450°C, cold-rolled to a 90% reduction and aged at 375°C (P-90R-A) were nearly the same, although the grain size of the P-ARB-A specimen was much smaller than that of the P-90R-A specimen. This was due to the lower dislocation density of the P-ARB-A specimen. Therefore, we also tried to improve the alloy strength by combining cryo-rolling with aging treatment. We found that a specimen pre-aged at 450°C, cryo-rolled to a 90% reduction and aged at 350°C had larger values of · 0.2 and · u than the P-ARB-A specimen. This was because the former specimen had a considerably higher dislocation density than the latter specimen, although the grain size of the former specimen (0.2 µm) was larger than that (0.1 µm) of the latter specimen.
Experimental
Ingots of Cu2.0Ni0.5Si0.1Zr alloy were prepared by melting in an argon atmosphere. The cylindrical cast ingots had a diameter of 30 mm and a length of 80 mm. They were then cut into pieces, homogenized at 1000°C for 24 h in a vacuum, and cold-rolled to a 50% reduction. The rolled sheets of the alloy were solutionized at 1000°C for 0.5 h in a vacuum and then water quenched. The average grain size after solution treatment was about 50 µm. The solutiontreated CuNiSiZr sheets were 3 mm thick, 20 mm wide and 30 mm long. They were cold-rolled to a 90% reduction at room temperature or cryo-rolled to a 90% reduction by 10 passes at the boiling point of liquid nitrogen (196°C) or they were first pre-aged at 450°C for 1 h and then cold-rolled to a 90% reduction or cryo-rolled to a 90% reduction. Prior to each cryo-rolling pass, the CuNiSiZr sheets were immersed in liquid nitrogen for 10 min and then rolled again. Sheets that had been solutionized only or had been solutionized and then pre-aged at 450°C for 1 h were used as the starting sheets for ARB. The sheets were 1 mm thick, 30 mm wide and 200 mm long. The principle and the practical details of ARB are described in Ref. 5) . Six cycles of ARB with a 50% reduction per cycle were performed with lubrication at room temperature. Below, specimens coldrolled to a 90% reduction, specimens ARB-processed and specimens cryo-rolled to a 90% reduction after solution treatment at 1000°C are referred to as 90R, ARB and 90CR, respectively. Cold-rolled specimens, ARB-processed specimens and cryo-rolled specimens after pre-aging at 450°C are referred to as P-90R, P-ARB and P-90CR, respectively. These specimens were then aged at temperatures between 350 and 450°C. The aged 90R, ARB, 90CR, P-90R, P-ARB and P-90CR specimens are referred to as 90R-A, ARB-A, 90CR-A, P-90R-A, P-ARB-A and P-90CR-A, respectively. The aging conditions for these specimens are listed in the right column in Table 1 ; they are described in detail below.
Tensile tests were performed using the aged specimens listed in Table 1 that were 0.25 mm thick, 6 mm wide and 20 mm long at a constant strain rate of 8 © 10 3 s 1 on a static Instron testing machine. The tensile direction was parallel to the rolling direction. Electrical conductivity measurements were performed at 20°C by an electrical conductivity tester (Hocking, AutoSigma 3000).
The microstructures of the sheet specimens listed in Table 1 were characterized by electron backscatter diffraction pattern (EBSP) and transmission electron microscopy (TEM). For the EBSP measurements, sections perpendicular to transverse direction of the sheets were mechanically polished with sandpaper and electropolished in a solution of 30% vol phosphoric acid and 70% vol water. The EBSP measurements were performed with a field-emission scanning electron microscope (Hitachi, SU-70) equipped with an orientation imaging microscopy system (TexSEM Laboratories) at an accelerating voltage of 15 kV. A step size of 0.02 µm was used in the EBSP measurements. Thin foils for TEM observations were prepared by twin-jet polishing at ¹25°C and 7 V using a solution of 80% methanol and 20% nitric acid. Microscopy was performed using a field-emission transmission electron microscope (JEOL, 2010FEF) at an operating voltage of 200 kV.
The dislocation density in each specimen was estimated by the WarrenAberbach method based on the WilliamsonHall plots using the conventional X-ray diffraction data for {111}, {200}, {220} and {311} reflections. A detailed explanation is given in Ref. 13 ). 
3. Results
Hardness change
Vickers hardness changes of 90R, ARB, 90CR, P-90R, P-ARB and P-90CR were measured during aging at temperatures between 350 and 450°C. The hardness of 90R, ARB and 90CR aged at 400 and 450°C increased initially, but then started to decrease as soon as recrystallization occurred. Recrystallized areas were identified by optical microscopy. Even when 90R and ARB were aged at 375°C and 90CR was aged at 350°C, the maximum hardness was achieved after aging for 9 h after which recrystallization started to occur. However, P-90R and P-ARB aged at 375°C and P-90CR aged at 350°C respectively exhibited maximum hardnesses at 8, 8 and 7 h prior to the onset of recrystallization (Fig. 1) . The effects of pre-aging on recrystallization were evident both in this study and the previous study.
9 ) The amount of precipitation hardening on pre-aging at 450°C for 1 h is about one third the maximum amount. Table 1 summarizes the pre-aging condition, the processing method, and the aging condition of each specimen. Figure 1 shows that P-90CR and P-90CR-A are the hardest of the three specimens and that the hardnesses of P-ARB and P-ARB-A are nearly identical to those of P-90R and P-90R-A.
Microstructures
Figures 2(a)2(c) show grain-boundary maps obtained from EBSP measurements of 90R, ARB and 90CR, respectively. Black lines indicate high-angle boundaries with a misorientation ª ² 15°, while gray lines indicate low-angle boundaries with 2°< ª < 15°. Boundaries with a misorientation smaller than 2°were cut off, in order to remove any inaccuracy in the EBSP measurement and analysis. 90R and P-90R exhibit a typical deformation microstructure similar to that found in the previous study 9) in which initial grains with substructures are elongated in the rolling direction (RD) (Fig. 2(a) ). After six cycles of ARB or 90% cryo-rolling, an ultrafine lamellar boundary structure was obtained (Figs. 2(b) and 2(c) ). The microstructures observed in ARB, 90CR, P-ARB and P-90CR have quite similar morphologies to those of ARB-processed pure Cu and Cu alloys.
810,14,15) Table 2 lists the grain size, grain aspect ratio and fraction of high-angle boundaries obtained from EBSP measurements of 90R, ARB, 90CR, P-90R, P-ARB and P-90CR together with the dislocation density obtained by conventional X-ray diffraction. The grain size was defined as the mean spacing of high-angle boundaries along the normal direction (ND) to the RD. The grain sizes of all the specimens were measured by the intercept method from the boundary maps. Table 2 shows that six cycles of ARB and 90% cryo-rolling both give significant grain refinement to 0.2 and 0.3 µm, respectively. In addition, pre-aging at 450°C prior to ARB or cryo-rolling enhances grain refinement. The effect of pre-aging on grain refinement is discussed in section 4.1. The grain sizes of ARB, 90CR, P-ARB and P-90CR were nearly identical to those measured by TEM. Of all the specimens, P-ARB possesses the smallest grain size of 0.1 µm and the highest fraction of high-angle boundaries of 55%. Table 2 also shows that P-90R, P-ARB and P-90CR have higher dislocation densities than 90R, ARB and 90CR. As expected, 90R and P-90R have lower dislocation densities than 90CR and P-90CR, but higher dislocation densities than ARB and P-ARB.
Figures 3(a) and 3(b) show TEM images of ARB and P-ARB, respectively. They show that ARB, P-ARB, 90CR and P-90CR have an ultrafine lamellar boundary structure similar to those in Figs. 2(b) and 2(c) and that ultrafine lamellae have a high dislocation density. However, grain boundaries in ARB exhibit local unevenness, as indicated by the arrows in Fig. 3(a) , whereas they are locally linear in P-ARB. The local unevenness was also observed in TEM images of ARB-processed pure Cu and Cu solid solution alloys.
1416) On the other hand, neither P-90CR nor 90CR exhibit local unevenness. The grain sizes and dislocation substructures for ARB, P-ARB, 90CR and P-90CR were almost unaltered by aging at 375 and 350°C.
TEM observations of the solution-treated alloy revealed that there were no precipitates. After pre-aging at 450°C for 1 h, precipitates were too small to be detected by TEM. TEM and high-resolution TEM (HRTEM) observations revealed that all the aged specimens listed in Table 1 had small precipitates. Figure 4 depicts a HRTEM image of a small precipitate in ARB-A obtained using an incident beam parallel to the [001] ¡ matrix direction. Comparisons between HRTEM images of the small precipitates in all the aged specimens and those of small precipitates in Cu NiSi alloys previously reported in Refs. 1719) showed that the small precipitates had a structure corresponding to ¤-Ni 2 Si. The ¤-Ni 2 Si precipitates formed as disks on {110} ¡ with an aspect ratio of about 3; most ¤-Ni 2 Si precipitates formed on dislocations, as indicated by the arrows in Fig. 5 . None of the aged specimens displayed any precipitates besides ¤-Ni 2 Si precipitates, suggesting that, even after aging, all the Zr atoms dissolve in the Cu matrix. 8) {111} pole figures for 90R, ARB and 90CR were obtained using the Schulz method and a texture goniometer with Cu K ¡ radiation. The {112}©111ª rolling texture, which is a characteristic of pure Cu, was mainly observed for the three specimens. Fig. 1 Age-hardening curves of P-90R aged at 375°C, P-ARB aged at 375°C and P-90CR aged at 350°C.
Improvement in Mechanical Properties of a Cu2.0 mass%Ni0.5 mass%Si0.1 mass%Zr Alloy
Tensile properties
Figures 6(a) and 6(b) respectively show nominal stress strain curves of 90R-A, ARB-A, and 90CR-A, and P-90R-A, P-ARB-A, and P-90CR-A. These curves exhibit a maximum stress in the early stages of tensile deformation, resulting in a limited uniform elongation. These curves are similar to those of Cu1.4Ni0.25P0.1Zr alloy specimens.
9) The specimens were cold-rolled to a 90% reduction and aged at 350°C, or subjected to seven cycles of ARB and aged at 350°C, or they were first pre-aged at 450°C for 5 min, then coldrolled to a 90% reduction and aged at 400°C, or pre-aged at 450°C for 5 min, then subjected to seven cycles of ARB and aged at 400°C. Table 3 lists the grain size d, 0.2% proof stress · 0.2 , ultimate tensile strength · u , elongation to failure ¾ t and electrical conductivity · of the CuNiSiZr specimens. The values of · u = 690 MPa for 90R-A and ARB-A and · u = 740 MPa for 90CR-A are comparable with that of · u = 700 MPa for a commercial Cu2.0Ni0.5Si system alloy, cold-rolled to a 20% reduction and then aged at temperatures between 300 and 350°C.
3) However, the values of · = 39% IACS for 90R-A and ARB-A and · = 37% IACS for 90CR-A are lower than that of · = 45% IACS for the commercial alloy. The hardnesses of 90R, ARB and 90CR reached maximums after aging at 375°C for 9 h, 375°C for 9 h, and 350°C for 9 h (Table 1) and then started to decrease due to the onset of recrystallization. Therefore, aging at 375°C for 9 h or 350°C for 9 h produces insufficient amounts of precipitates due to recrystallization. This is supported by the fact that 90R-A, ARB-A and 90CR-A have lower values of · than P-90R-A, P-ARB-A and P-90CR-A.
Comparisons between 90R-A and P-90R-A, ARB-A and P-ARB-A, and 90CR-A and P-90CR-A reveal that pre-aging at 450°C for 1 h remarkably enhances · 0. On the other hand, P-ARB-A and P-90CR-A have almost the same values of ¾ t = 7 and 6%, respectively, although these values are larger than ¾ t = 4% for P-90R-A. Grain refinement produced by ARB or cryo-rolling affects elongation. It should be noted that the value of · u = 900 MPa for P-90CR-A is considerably larger than that of · u μ 830 MPa for the conventional commercial Cu3.0Ni0.65Si alloys produced by combinations of heavy deformation (cold rolling) and aging at 400 to 600°C, and that P-90CR-A has nearly the same value of · = 45% IACS as · = 46% IACS for the Cu3.0Ni0.65Si alloys. 20, 21) 4. Discussion
Effects of pre-aging on grain refinement
It is widely accepted that during annihilation and rearrangement of dislocations to form low-angle boundaries that occur when annealing a deformed metallic material, densely dispersed fine particles pin individual dislocations and hence inhibit recovery. Consequently, recrystallization may be suppressed. 22) As mentioned in section 3.2, although ¤-Ni 2 Si precipitates in the CuNiSiZr specimens that were pre-aged at 450°C for 1 h were too small to be detected by TEM, the presence of fine precipitates apparently suppressed recovery and recrystallization during aging of P-90R, P-ARB and P-90CR. In addition, ARB, cryo-rolling and pre-aging all contributed to grain refinement to 0.1 or 0.2 µm ( Table 2) .
The grain size of metallic materials highly deformed by ARB and ECAP decreases with increasing strain and remains nearly constant at ultrahigh strains. 16, 23) Tsuji et al. 16) observed the early stages of local recrystallization in ARBprocessed pure Cu at room temperature. They suggested that grain size saturation during SPD is related to the combination of grain refinement advanced by the grain subdivision mechanism 24) and grain coarsening due to recrystallization. No recrystallization was directly observed by TEM in either ARB or P-ARB. Grain boundaries are locally straight in P-ARB (Fig. 3(b) ), whereas they exhibit local unevenness in ARB, as indicated by the arrows in Fig. 3(a) . This suggests that boundary migration (i.e., recovery and recrystallization) occurs during ARB after solutionizing and that the fine precipitates formed by pre-aging suppress boundary migration during ARB. This is consistent with the fact that ARB has a lower dislocation density than P-ARB (Table 2) . It may explain why P-ARB has a smaller grain size than ARB.
On the other hand, recovery and recrystallization are clearly suppressed during cryo-rolling. This corresponds to the fact that 90CR and P-90CR have higher dislocation densities than 90R and P-90R (Table 2 ). In addition, the grain boundaries in 90CR and P-90CR do not exhibit local unevenness. It should be noted in Table 2 that P-90CR and P-ARB have higher dislocation densities than 90CR and ARB. According to the grain subdivision mechanism, 24) a higher dislocation density during rolling will introduce more grain boundaries, resulting in grain refinement. This may explain why P-90CR has a smaller grain size than 90CR. The smaller grain size of P-ARB than ARB can be understood to be a consequence of introducing more grain boundaries during ARB and also of fine precipitates formed by pre-aging suppressing boundary migration during ARB.
Precipitation, dislocation and grain refinement
strengthening 90R-A, ARB-A, 90CR-A, P-90R-A, P-ARB-A and P-90CR-A are primarily strengthened by precipitation, dislocation and grain refinement strengthening.
Lockyer and Noble 25) have suggested that the yield stress of a CuNiSi alloy containing disk-shaped ¤-Ni 2 Si precipitates at room temperature is controlled by the Orowan mechanism at peak-age and over-age conditions. The Orowan stress is inversely proportional to the interprecipitate spacing , which is given by 26) ¼ r½ð2³=3fÞ
Here, r and f are respectively the average radius and volume fraction of the spherical precipitates. Many HRTEM images of ¤-Ni 2 Si precipitates formed as disks parallel to {110} ¡ in P-90R-A, P-ARB-A and P-90CR-A were obtained with the incident electron beam parallel to ©001ª ¡ 1719) and ©1 " 11ª ¡ 17) . The volume of the the disk-shaped ¤-Ni 2 Si precipitate was calculated by measuring its diameter and height. Then the radius r of a sphere having the same volume as the disk-shaped precipitate was calculated. The precipitate volume fraction f was determined from electrical conductivity measurements, as in the previous studies. 9, 10) As mentioned in section 3.2, all the Zr atoms are assumed to be dissolved in the Cu matrix after solutionizing and after aging at 350 and 375°C. The electrical resistivity was essentially unchanged by 90% cold-rolling, 90% cryo-rolling and ARB after pre-aging at 450°C. Thus, f was calculated by applying the electrical resistivities measured before pre-aging and after aging at 350 or 375°C to experimental data for the dependence of the electrical resistivity on Ni and Si concentrations in Cu given in Ref. 27) , after the increment in the electrical resistivity caused by the addition of 0.1Zr was removed using the data given in Ref. 27 ). The lattice parameters of an orthorhombic lattice of the ¤-Ni 2 Si phase (a = 0.703 nm, b = 0.499 nm and c = 0.372 nm) were utilized in this calculation. 17) The number density N of ¤-Ni 2 Si precipitates was also obtained from r and f using N = f/(4³r 3 /3). Table 4 lists the values of f, r, N and together with the values of · 0.2 , μ and d for P-90R-A, P-ARB-A and P-90CR-A. The three specimens have almost identical values of . Although P-ARB-A has a smaller value of d than P-90CR-A, P-ARB-A has a considerably smaller value of · 0.2 Table 3 Grain size d, 0.2% proof stress · 0.2 , tensile strength · u , elongation ¾ t and electrical conductivity · of 90R-A, ARB-A, 90CR-A, P-90R-A, P-ARB-A and P-90CR-A. than P-90CR-A. This is mainly attributable to the smaller value of μ for P-ARB-A. In addition, P-ARB-A is considered to have nearly the same value of · 0.2 as P-90R-A since P-ARB-A has a smaller value of μ than P-90R-A, although P-ARB-A has a much smaller value of d than P-90R-A. Finally, we estimate the difference in the yield stresses of P-ARB-A and P-90R-A and of P-90CR-A and P-ARB-A using the values of μ and d given in Table 4 . The three specimens are assumed to have the same values of . The yield strength of P-ARB-A was calculated to be about 80 MPa lower than that of P-90R-A using the values of μ for P-ARB-A and P-90R-A and the BaileyHirsch relationship:
Here, ¦· d is the increment in the yield stress, M is the Taylor factor (= 3.06), ¡ is a constant, ® is the shear modulus (= 46 GPa) and b is the magnitude of the Burgers vector (= 0.256 nm). An average value of ¡ (= 0.5) was employed since the previously reported values of ¡ for Cu range from 0.22 to 0.7. 2830) Furthermore, from the grain size dependence of the yield stress of Cu reported by Gertsman et al., 31) the increment in yield stress by grain refinement from 3 to 0.1 µm is calculated to be about 80 MPa, which is identical to that estimated from the BaileyHirsch relationship. On the other hand, using the values of d = 0.2 and 0.1 µm for P-90CR-A and P-ARB-A and the grain size dependence of the yield stress of Cu, 31) the yield strength of P-ARB-A is estimated to be about 40 MPa higher than that of P-90CR-A. The reduction in yield stress due to the lower value of μ for P-ARB-A is calculated to be about 140 MPa from eq. (2). It may thus be expected that the value of · 0.2 for P-90CR-A is 100 MPa larger than that for P-ARB-A. This value is comparable to the difference in · 0.2 between P-90CR-A and P-ARB-A (= 80 MPa). Therefore, the reason why P-ARB-A shows the considerably smaller value of · 0.2 than P-90CR-A and almost the same value of · 0.2 as the P-90R-A can be well understood.
Wang et al. 7) reported that annealing pure Cu at a low temperature after cryo-rolling produces a bimodal grain size distribution with micrometer-sized grains embedded inside a matrix of approximately 200 nm ultrafine grains, resulting in improved strength and ductility. As expected from the Hall Petch relation, ultrafine grains enhance the strength while micrometer-sized grains enhance the ductility due to their higher work hardening rate. Such a bimodal grain size distribution could not be obtained in this study. It is expected that employing suitable cryo-rolling conditions and aging conditions will produce a bimodal grain size distribution, resulting in high strength and ductility.
Conclusions
An investigation of the combined effect of ARB and aging or cryo-rolling and aging on the tensile properties of a Cu 2.0 mass%Ni0.5 mass%Si0.1 mass%Zr for the purpose of increasing the strength of the alloy has yielded the following conclusions.
(1) The alloy pre-aged at 450°C for 1 h and ARB-processed in six cycles (P-ARB), or pre-aged at 450°C for 1 h and cryo-rolled to a 90% reduction (P-90CR) has a fine grain size of 0.1 or 0.2 µm. Six cycles of ARB, 90% cryo-rolling and pre-aging all contribute to significant grain refinement. (2) The P-90CR alloy aged at 350°C and the P-ARB alloy aged at 375°C show a 0.2% proof stress of 830 and 750 MPa, a tensile strength · u of 900 and 800 MPa, an elongation of 6 and 7% up to failure and an electrical conductivity · of 45 and 45% IACS. The higher dislocation density in the aged P-90CR alloy than the aged ARB alloy causes the higher proof stress of the aged P-90CR alloy. The value of · u for the aged P-90CR alloy is considerably larger than that of · u μ 830 MPa for conventional commercial Cu-3.0 mass%Ni-0.65 mass%Si system alloys. 20, 21) The value of · = 45% IACS for the former alloy is almost the same as · μ 46% IACS for the latter alloys. 
